










system would also be harvesting energy in addition to 
storing it, but since solar heat is free, from an economic 
perspective the result is the same as a higher storage 
efficiency. 

DISCUSSION AND FUTURE WORK 

We have given a complete and precise description 
of a thermally closed AE-CAES system that makes use 
of regenerative thermal energy storage and thermo-
chemical refrigeration techniques. There are many open 
questions regarding the performance and costs of such 
a system, but some significant advantages over other 
many other forms of energy storage are already clear. 

First, the system will be environmentally benign, in 
that it contains no toxic, caustic or otherwise dangerous 
materials that could not safely be disposed of in a land-
fill. If charged with electricity from renewable sources 
and provided with a biofuel backup in place of propane, 
it could also be operated in a entirely carbon-neutral 
fashion. Second, it will be at least as safe as any form of 
energy storage available today, since the cold zeolite 
will only release its air slowly as it warms, so that a 
simple pressure relief valve ensures that it discharges 
safely even if everything else fails. The fact that the 
system is largely underground adds to its safety and 
makes sabotage difficult, in addition to freeing up the 
land above it for other uses. These features makes it 
highly suitable for use in populated areas near to the 
load centers, where energy storage is generally most 
valuable. 

Third, zeolites do not degrade under pressurized air 
unless heated to temperatures above 400°C when wet 
or 500°C when dry. Since we do not need to go above 
100°C in normal operation and the modules will be fed 
dry air, the zeolite will last essentially forever under the 
intended operating conditions. The modules also 
contain no moving parts that could wear out, and 
nothing that could corrode unless the membrane fails 
and moisture reaches the steel components. Such 
membranes are very durable, being used to waterproof 
basements and other subterranean structures that 
would be difficult to service. Therefore it seems safe to 
say our modules will need no maintenance and have a 
mean time to failure on the order a century – consider-
ably longer than any energy storage technology of 
which we are aware that does not rely on geological 
formations and hence may be deployed freely. This 
should result in a low life-cycle cost per unit of energy 
stored and released over the system’s lifetime, as well 
as with respect to the Barnhart and Benson metric [9]. 

The upfront and operating costs per unit power will 
also be quite favorable, since it will be dominated by the 
cost of the twin-screw compressors that are also used 
for electricity generation. At 50 kW these run about $500 
/ kW (lower at larger scales), which is considerably less 
than electrochemical technologies such as flow batter-
ies. Well designed and maintained compressors with the 
modest compression ratios required for AE-CAES will 
also be better than 95% efficient in both compression 
and expansion. Of course they will need to be maintain-
ed and replaced every decade or two, but as a rule the 
cost of ownership of such compressors is 75% elec-
tricity and only 25% maintenance and capital costs. 

Given the efficiency of compression and expansion, 
the main sources of efficiency losses that remain to be 
quantified are (1) the mechanical energy lost due to 
friction as the air passes through the packed beds, and 
(2) the thermal energy lost from the modules and other 
regenerators over the storage cycle. The first of these 
can be estimated by numerical simulations for any given 
regenerator and particulate geometry, but finding the 
geometries that minimize frictional losses while still 
obtaining the desired performance characteristics is a 
nontrivial problem. Chemical engineering software like 
that available from Aspen Technologies™ can solve 
such optimization problems, but their cost has precluded 
our doing up to this time. Even so, the results of such 
simulations must always be confirmed by building and 
analyzing actual prototypes. 

Because of the large number of potential sources of 
thermal energy losses, it will probably not be possible to 
give a meaningful estimate of their magnitudes until the 
resources needed to build full-scale prototypes have 
been summoned. What we can say at this time is that 
the work by Isentropic Ltd. [2] and nearly two centuries 
of engineering experience with regenerators indicates 
that these losses can be managed. By this we mean 
that they can be reduced to a level at which they can be 
compensated for by a reasonably small solar thermal or 
other low-cost sources of low-grade heat, together with 
a reasonably small refrigeration system driven, at least 
in part, by such low-grade heat. Until this has been 
demonstrated in practice, however, thermally open AE-
CAES systems may be a more saleable value proposi-
tion, albeit one with a smaller market potential. 

In summary, we have given a detailed design for a 
thermally closed AE-CAES system, and described some 
of its advantages over batteries. AE-CAES is not, of 
course, a perfect substitute for batteries, which can 
respond much faster and are considerably more com-
pact. AE-CAES is nevertheless very suitable for diurnal 
load shifting in a distributed setting, because it is very 
safe, capable of long durations, and its thermal losses 
are minimized by daily cycling. Thermally open AE-
CAES systems  also promise to be useful in matching 
thermal and mechanical loads in microgrids powered by 
some subset of gas-fired turbines, internal combustion 
engines, wind turbines, photovoltaics or solar water 
heaters. Perhaps the most important difference between 
AE-CAES and batteries, however, is the following. 
Rather than being a device which is assembled in a 
factory and then shipped ready-for-use to its destination, 
AE-CAES facilities are expected to be construction 
projects that are built to-order onsite out of standardized 
components, and then become part of the locality’s 
basic infrastructure. This is of course much closer to 
how electric utilities have traditionally thought about 
their investment strategy. 

In order to realize the promise of AE-CAES, Energy 
Compression is currently seeking to partner with a well-
established engineering firm that focuses on energy and 
other infrastructure projects. This partnership may 
include an exclusive license to AE-CAES, restricted to a 
selected geographic region and/or energy storage appli-
cation, in exchange for developing and marketing a cor-
responding product tailored to that region or application. 
Interested companies are invited to contact the author 
for further discussion. 



ACKNOWEDGEMENTS 

The author would like to think his mentors at the 
Cleantech InnoVenture Center in Beverly, MA for their 
advice and support, particularly Tom Kinneman and 
Chris Stepanian. He would also like to thank Prof. Jerry 
Y. S. Lin in the Dept. of Chemical Engineering at 
Arizona State University for helping him to identify and 
quantify the advantages of zeolites, and Kent Knaebel 
of Adsorption Research Inc. for suggesting the use of a 
temperature swing. Other people who have donated 
significant amounts of their time to Energy Compression 
Inc. include Jonathan Leavitt, Chad Joshi, Bernard Ho, 
Tony Laurentano, Neill Mooney, John Cerveny, Rick 
Reibstein, Carlos Jimenez, Jack Tirone, David C. Lash, 
III and Wiley Dunlap-Shohl. 

REFERENCES 

[1] T. F. Havel, “Adsorption-Enhanced Compressed Air 
Energy Storage”, in Proc. Electrical Energy Storage 
Applications and Technologies (EESAT) Conference, 
2009 (see also http://energycompression.com). 

[2] J. Howes, “Concept and Development of a Pumped 
Heat Electricity Storage Device”, Proc. IEEE 100 (Feb. 
2012), pp. 493-503 (see also http://www.isentrop-
ic.co.uk). 

[3] R. E. Critoph and R. Thorpe, “Momentum and Heat 
Transfer by Forced Convection in Fixed Beds of 
Granular Active Carbon”, Appl. Thermal Eng. 16 (1996), 
pp. 419-427 (see also http://wrap.warwick.ac.uk/-
34618/1/WRAP_THESIS_Thorpe_1996.pdf). 

[4] D. W. Waples and J. S. Waples, “A Review and 
Evaluation of Specific Heat Capacities of Rocks, 
Minerals, and Subsurface Fluids. Part 1: Minerals and 
Nonporous Rocks”, Nat. Resources Res. 13 (June, 
2004), pp. 97-122. 

[5] G. W. E. Milligan and C. D. F. Rogers, “Trenchless 
Technology”, in Geotechnical and Geoenvironmental 
Engineering Handbook, Springer Verlag (2001), pp. 
569-592. 

[6] N. Stosic, I. K. Smith and A. Kovacevic, Screw 
Compressors: Mathematical Modelling and Performance 
Calculation, section 5.5, Springer Verlag (2005). 

[7] R. Muren, “Methods, Systems and Devices for 
Thermal Enhancement”, US. Patent Pub. No. 2013 / 
0199753 (see also http://www.rebound-tech.com). 

[8] H. Demir, M. Mobedi and S. Ülkü, “A Review on 
Adsoption Heat Pumps: Problems and Solutions”, 
Renew. Sustain. Energy Rev. 12 (2008), pp. 2381-2403. 

[9] C. J. Barnhart and S. M. Benson, “On the Importance 
of Reducing the Energetic and Material Demands of 
Electrical Energy Storage”, Energy Environ. Sci. 6 
(2013), pp. 1083-1092. 

AUTHOR’S BIOGRAPHY 

 

Timothy F. Havel is the Founder and CTO of Energy 
Compression Inc., an early-stage startup in the Boston 
area focused on commercializing AE-CAES. Over the 
last five years his primary activity has been developing 
the intellectual property and identifying the market 
opportunities for this technology. 

Immediately prior to founding Energy Compression 
Inc., Tim worked at MIT in its Center for Technology, 
Policy and Industrial Development, and in its Dept. of 
Nuclear Science and Engineering. His academic career 
covers over two decades of research in diverse topics in 
computational chemical physics, including the ETH in 
Zürich, the Scripps Research Institute in La Jolla, the 
Univ. of Michigan in Ann Arbor, the Harvard Medical 
School in Boston and MIT in Cambridge, MA. 

Dr. Havel holds a Bachelors in Chemistry from 
Reed College in Portland OR (1977), a Doctorate in 
Biophysics from the Univ. of California Berkeley (1982), 
and a Masters in the Management of Technology from 
the MIT Sloan School of Management (2007). 


